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INTRODUCTION
Corn stover is an abundant feedstock for various potential applications such as forage, livestock bedding, combustible product, fibre for cellulosic ethanol and biomaterials. The quantity of stover left on the ground each year in the U.S. is estimated at 200 million tonnes over an average area of 28.6 Mha planted in corn between 1998 and 2002 (Prewitt et al., 2007) . To better protect land against erosion and to return some organic matter back to the soil, not all stover should be harvested (Wilhelm et al., 2004) . According to several authors (Graham et al., 2007; Moebius-Clune et al., 2008; Blanco-Canqui and Lal, 2009) , about 25% of corn stover can be harvested sustainably in the U.S. under current crop rotation and soil tillage practices. The proportion could be increased to 50% if no-till practices were generally adopted because of better protection against erosion (Graham et al., 2007) and enhanced long-term soil quality, even with stover removal (Moebius-Clune et al. 2008) , when no-till is compared to conventional tillage. Therefore 60 to 100 million tonnes of corn stover could be harvested every year in the U.S. with good soil and residue management (Kadam and McMillan, 2003; Graham et al., 2007) .
During the corn grain harvest season, stover yield increases and its composition changes. In Tennessee, Pordesimo et al. (2004) estimated stover yields from as high as 16 t DM ha -1 at 116 days after planting to about 9.0 t DM ha -1 after 200 days. Wet basis moisture content (MC) of stover declined from 70% at 110 days to less than 15% after 182 days. In Wisconsin, Shinners and Binversie (2007) estimated corn stover yields between 9.0 and 13.2 t DM ha -1 by mid-October while stover MC ranged from 47 to 66% when grain MC was below 30%.
In Québec (Canada) , corn grain is cultivated on about 400 000 ha every year since 2007 (Institut de la statistique du Québec, 2011) . Corn stover represents a yearly biomass potential of 3 million tonnes considering an estimated yield of more than 8 t DM ha -1 (D'Amours et al., 2008) . The province of Québec is characterized by several agroclimatic zones ranging from 1300 to 3100 crop heat units (CHU) with 60% of the grain-corn production localized in the southern part of the province (> 2500 CHU). CHU represent daily accumulated heat and are used to assess plant growth and development; the method of calculation is described by Brown and Bootsma (1997) . At present, few scientific data describe the composition and moisture content of corn stover before, during, and after the corn grain harvest period in the province of Québec.
The objective was to document variations in corn stover composition just before and after a typical corn grain harvest period in eastern Canada. The main aboveground components of corn (grain, stalk, leaf, husk, and cob) were characterized during a 12-week period in three consecutive years. The study reports detailed data of corn fraction yields and MC over time and how they compare to other locations in the U.S.
MATERIALS and METHODS Seven corn hybrids were sampled in plots at two research farms in 2008 and at three research farms in 2009-2010. Plot layout varied among sites and years. Over a planned 12-week period (from September 3 to November 19), five plants per hybrid were randomly selected and cut at 100 mm above ground every week. The corn population per unit area was determined by counting the number of plants over a specific length (5 to 10 m depending on plot length) and taking into account a row spacing of 0.76 m. Ten measurements of plant population were taken for each hybrid during each year. The yield per unit area was extrapolated from plant biomass measurements and from the estimated plant population.
In the laboratory, individual corn plants were fractioned into seven components: grain, cob, husk, leaves located above the first ear from the bottom of the plant (upper leaves), leaves located below the ear (lower leaves), stalk located above the first ear from the bottom of the plant (upper stalk) and stalk located below the ear (lower stalk). Each component was weighed before and after oven drying to estimate MC and DM. The oven drying method was similar to the one used for forage (standard S358.2) according to ASABE Standards (2008) . Oven temperature was set to 103 o C but the time was extended beyond 24 h until the dry mass of fibre components was constant.
The first research farm was located in Sainte-Rosalie (ROS), Québec (45.605 o ; -72.912 o ). The 10-year (1999-2009) average at ROS was 571 mm for precipitation (May 1 to October 31) and 2964 for CHU. Table 1 lists corn hybrids evaluated each year at ROS (Elite 25T19, 46T07 and 15W19) and at other sites. Plots of 14.5 m by 20 m were planted with a 4-row, Wintersteiger Plotking Single planter. The second research farm was located in Sainte-Anne-de-Bellevue (ANN), Québec (45.413 o ; o ). The 10-year growing season average was 538 mm of precipitation and 3136 for CHU. Hybrids evaluated at ANN were Pioneer Hi-Bred 38M59 and 38A56. A 4-row White 6100 planter was used for sowing fields of more than 2 ha each. The third research farm was located in Saint-Augustin-de-Desmaures (AUG), Québec (46.732 o ; o ). The 10-year average during the growing season was 647 mm for precipitation and 2589 for CHU. The AUG site was evaluated for nine weeks only, from September 4 to October 29, for operational reasons: the corn grain plots were ploughed under in early November each year. At AUG, corn hybrids Elite 30A27, 46T07 (the same as at ROS), 20T16 and 20T18 were planted over small plots of 3 m by 5 m using a 4-row, Monosem NC planter. For all sites and hybrids, planting row width was set to 0.76 m (30 in.). The crop heat unit maps indicate that AUG is in a 2300-2500 CHU zone while ROS and ANN are in a similar zone of 2900-3100 CHU (AAFC-AAC, 2012; Agrométéo Québec, 2012) .
Cumulative CHU and precipitations were calculated using daily data from the Meteorological Service of Canada (2012) based on weather stations near the corn crop sites (St-Hubert station for ROS; Ste-Anne-de-Bellevue for ANN; Jean Lesage Intl Airport for AUG). CHU was accumulated from the last day of three consecutive days with mean air temperatures ≥ 12.8 o C until the first occurrence of a killing frost (T min ≤ -2 o C) using the equation presented by Kwabiah et al. (2003) . Killing frost occurred in the last two weeks of October for all sites and years.
Yield and moisture data were filtered using a threepoint moving average (from one week before to one week after); a data smoothing procedure used by Shinners and Binversie (2007) . A statistical significance level of 5% was used for rejecting the null hypothesis tested by the analysis of variance (ANOVA). This level was used to compare means with Fisher's Least Significant Difference (LSD). For unbalanced data, the LSD was derived from the harmonic mean of all groups. Repeated measures ANOVA (within-subject variables) were conducted on the first nine weeks of data to analyse variations of yields, mass ratios, and MC over time. Because of the relationship between groups, pairwise comparisons of those longitudinal data were performed using a paired Student's t-test on each possible pair of levels. The goodness of linear regression models was assessed using the mean absolute deviation (MAD), which consists of the average of absolute difference between observed and modelled values. Statistical computations were done using R software (R Core Team, 2012) .
RESULTS and DISCUSSION

Stover and grain yield
At the ROS site, corn stover yields gradually declined from September to November while grain yield increased ( Stover and grain yields at the ANN site were more variable than those measured at the ROS site ( Fig. 1) . Between September and November, stover yields always declined for both hybrids and both years at ANN, although at various rates. The average loss of stover yield was 160 kg DM ha -1 wk -1 .
At the AUG site, stover yields generally declined in September and October while grain yield increased, except in 2010 when grain maturity had already been reached in early September (Fig. 1 ). Stover yields of hybrid 30A27 were 7.5, 8.4, and 7.7 t DM ha -1 in 2008, 2009, and 2010 . During the ninth sampling week, stover yields were 6.2, 7.1, and 6.5 t DM ha -1 , respectively. The average loss was 160 kg DM ha -1 wk -1 . Hybrids 46T07, 20T16 and 20T18 produced more stover than hybrid 30A27, with an average of 9.2 t DM ha -1 in early September and 7.8 t DM ha -1 at the end of October. Average stover loss was 175 kg DM ha -1 wk -1 .
From early September to the end of October (first nine weeks) over this three-year experiment, grain and stover yields were significantly lower in the low CHU zone with p-values smaller than 0.0001 for both parameters. Corn grain is harvested after physiological maturity, which usually coincides with a grain MC < 30% (Rankin, 2004) . Table 2 presents grain and stover yields at the estimated physiological maturity date based on grain MC reaching a level below 30%. Grain yields were significantly higher at sites which accumulated more CHU. Over all years, grain yields averaged 7.7 t DM ha -1 at AUG (average CHU of 2527), 10.2 t DM ha -1 at ROS (average CHU of 2995), and 11.5 t DM ha -1 at ANN (average CHU of 3136). Average stover yields were also significantly different at the three sites (7.2, 8.4 and 9.3 t DM ha -1 at AUG, ROS and ANN, respectively). There was a year-to-year significant difference in grain yields, from 8.7 to 10.3 t DM ha -1 between 2008 and 2010, but no yearto-year significant difference in stover yields (average 8.2 t DM ha -1 ).
Stover yields in the present study were similar to yields observed by Wilhelm et al. (2011) [a] ROS (Sainte-Rosalie) and ANN (Sainte-Anne-de-Bellevue) in a 2900-3100 CHU zone;
AUG (Saint-Augustin-de-Desmaures) in a 2300-2500 CHU zone.
[b] RR2 = Roundup Ready® Corn 2, YGVT = YieldGuard VT Triple®, YGCB = YieldGuard® Corn Borer, HX1 = Herculex® I, LL = LibertyLink®. Pordesimo et al. (2004) observed even higher stover yields of 15.6 t DM ha -1 in Tennessee in 2001 (~ 6700 CHU). Actual stover yields will vary between hybrids, sites, year and time of year when grain is harvested.
At grain maturity in 2008, 2009, and 2010 , stover-tograin mass ratio ranged from 0.73 to 0.94 at the ROS site, from 0.73 to 0.87 at ANN, and from 0.83 to 1.06 at AUG. Little variation was observed over years, but the lowest stover-to-grain ratios were observed during the highest CHU and grain yield season of 2010. A higher portion of stover was observed for the double-purpose hybrids 20T16 and 20T18 (for grain and corn silage) with ratios of 1.06 and 1.02 compared to values between 0.73 and 0.98 for all other hybrids. Excluding the 20T16 and 20T18 hybrids, the overall average of stover-to-grain mass ratio at grain maturity was 0.85. This result supports the Pordesimo et al. (2004) statement that the use of a simplified 1:1 stover-to-grain mass ratio will generally overestimate stover yields. Table 3 shows the mass fraction of each stover component. On average over all years, all sites and all hybrids, 18% of stover mass was composed of cob, 9% of husk, 15% of upper leaves, 14% of lower leaves (29% total leaves), 11% of upper stalk, and 33% of lower stalk (44% total stalk). Over three years in Wisconsin, Shinners and Binversie (2007) observed a smaller portion of cob (15%) and total leaves (21%), but a higher fraction of total stalk (56%). Pordesimo et al. (2004) also observed slightly different mass ratios of components: 15% cob, 13% husk, 21% leaf, and 51% stalk for corn stover in Tennessee. The present study showed that 53% of biomass (i.e. fraction mass of cob, husk, upper leaves and upper stalk) was located above the first ear from the bottom of the plant. The yearly variation of fractional mass ratios at grain maturity was very small; it was not statistically significant (p > 0.5) for the upper leaves, lower leaves, and upper stalk components. Site had a significant effect (p < 0.05) on the proportion of lower leaves (more at ROS) and lower stalk (more at ANN).
Mass ratios of corn stover components
Some differences in fractional mass ratio would be related to morphological characteristics of each hybrid. For example, the husk portion of hybrid 15W19 was generally greater (p < 0.01) over nine weeks than the husk portion of other hybrids. The upper leaves ratio of 46T07 was greater (p < 0.0001) than for other hybrids. For both 46T07 and 20T16-18, the upper stack mass ratio was significantly greater (p < 0.0001) over nine weeks than for the other hybrids. Estimating stover dry matter yield A linear relationship was observed by plotting all stover yields and cob yields with respect to grain yield from week 6 to 12 (October 8 to November 19) (Fig. 2) . A linear relationship between grain and stover yield was also reported by Prewitt et al. (2007) and Wilhelm et al. (2011) .
Cob yield was well correlated to grain yield (Fig. 2) , with a coefficient of determination (R 2 ) of 0.801. Total stover yield was more scattered but there was a strong trend of increased stover yield with increased grain yield (R² of 0.701). The stover yield equation in figure 2 indicates that a low grain yield (e.g. 6 t DM ha -1 ) would result in a high stover-grain mass ratio (1.03 in this case) while high grain yield (e.g. 12 t DM ha -1 ) would correspond to a low stover-grain ratio (0.80 in this case).
The slope (0.571) for stover yield over grain yield in figure 2 was lower than slopes of 0.85 and 0.76 reported by Prewitt et al. (2007) . Intercept values from the Prewitt study were very variable, from -0.56 to 2.15. The cob over grain regression of the present three-year experiment (c = 0.140 g + 0.227) was closer to equations found by Prewitt et al. (2007) and Wilhelm et al. (2011) who reported slopes of 0.095 to 0.100 and intercepts of 0.37 to 0.47.
Regression equations for each component are shown in Table 4 . While husk mass is well correlated with grain mass (R² of 0.72), the prediction of yield of other stover components based only on grain yield was not good (R² from 0.05 to 0.47). Stover and grain moisture content Over the 9 to 12-week sampling period, MC of stover fractions decreased at different rates (Fig. 3) . Desiccation of standing leaves and husk was intensive, from more than 60% MC in early September to less than 20% by midNovember. The thin leafy material dried as a result of corn maturing and night frost events, which started between October 6, and 18 on all sites sampled over the three-year period.
MC of the stalk and cob decreased slowly in September, and more rapidly in October and November. Yields of grain, stover and cob, dry mass ratios, and stover moisture content (MC) at a date corresponding to typical onset of grain harvest (i.e. when grain MC < 30%). [a] ROS (Sainte-Rosalie) and ANN (Sainte-Anne-de-Bellevue) in a 2900-3100 CHU zone; Below-zero temperatures would trigger the faster desiccation rates. The lower stalk had the highest MC throughout with values between 63 and 84%. The upper stalk and cob had intermediate MC between dry leaves and the wet lower stalk. Igathinathane et al. (2006) also observed that stalk above the ear was drier than stalk below the ear. There was a high-to-low MC gradient from the bottom to the top end of the corn stalk.
The change of stover MC over time was generally described by two slopes: a first small dehydration rate during September and a second larger rate from the first frost to the end of sampling (Fig. 4) . At the ROS site, stover MC was initially greater than 70% in early September and declined to less than 30% in November 2008 and less than 36% in the two other years. At the ANN site, the initial stover MC was higher in 2009 (76%) than in 2010 (65%). However, the MC of stover at the end of sampling in mid-November stabilized at a similar level in both years (39%). At the AUG site, stover was very wet in early September (72 to 78% MC) and remained wet at the end of sampling in late October (46 to 56% MC).
By comparing two zones over three years, moisture of stover fractions grown in the warmer 2900-3100 CHU zones were always drier over the first nine weeks (p < 0.0001) from early September than those grown in the cooler 2300-2500 CHU zone (Fig. 3) . Stover desiccation in the cooler zone was delayed by one to three weeks compared to the warmer zone. During the month of September, stover MC declined at a slower rate (-0.12% d -1 ) Table 3 . Stover mass fractions of cob, husk, upper leaves, lower leaves, upper stalk and lower stalk, and partition of stover mass above and below the first ear from the bottom of the plant when grain MC < 30% (wet basis [a] ROS (Sainte-Rosalie) and ANN (Sainte-Anne-de-Bellevue) in a 2900-3100 CHU zone; AUG (Saint-Augustin-de-Desmaures) in a 2300-2500 CHU zone. in the 2300-2500 CHU zone than in the 2900-3100 CHU zones (-0.18% d -1 ).
From the first week of October to the end of the sampling period, stover MC in the 2300-2500 CHU zone declined at -0.69% d -1 , which was faster than in the 2900-3100 CHU zone (-0.59% d -1 ). On October 29 th , the threeyear stover MC range (46 to 57%) in the low CHU zone was higher than the MC range (40 to 52%) in the high CHU zone. On November 19 th , stover MC in the 2900-3100 CHU zone was within 28 and 40%. At the first occurrence of grain MC below 30%, no significant differences of stover MC were found among years and sites (Table 2) .
Overall, stover MC in this study at grain physiological maturity (when grain MC < 30%) were similar to the 47 to 66% range reported by Shinners and Binversie (2007) in Wisconsin and an average of 55% for two hybrids in Tennessee observed by Pordesimo et al. (2004) . However, stover MC never reached below 28% in the high CHU zone (ANN) by midNovember or below 46% in the low CHU zone (AUG) by the end of October. Weather conditions after these dates in eastern Canada usually allow only limited access to fields due to high soil moisture content and offer limited opportunity for natural desiccation of stover after grain harvest due to cold temperatures and the onset of snow in November or December. Simultaneous harvest of stover and grain, as proposed by Shinners et al. (2012) , would result in a wet stover, much above 15% MC typically needed for dry storage; the wet stover should then be conserved anaerobically. If dry stover is the preferred format for storage and subsequent application, spring harvest of residual stover should be considered in eastern Canada when MC becomes naturally very low, below 10% (Lizotte and Savoie, 2011) .
Differences in grain MC were observed from year to year (Fig. 4) between September and November. CONCLUSION From 2008 to 2010, physiological characteristics of corn stover were studied for several hybrids, three sites, and two CHU zones. Overall, differences in yields and MC were found between the 2300-2500 and the 2900-3100 CHU zones. At 30% of grain MC, corn stover yields varied between 6.2 and 8.0 t DM ha -1 for the 2300-2500 CHU zone and between 7.7 and 10.5 t DM ha -1 for the 2900-3100 CHU zones. Cob yields were 1.4 and 1.6 t DM ha -1 in the low and high CHU zones, respectively. Based on this three-year study in eastern Canada, stover yields were lower than yields observed in warmer areas of the U.S., but the cob feedstock potential was similar. At physiological grain maturity (assumed to occur at 30% grain MC), 18% of the total corn stover mass was made of cob, 9% of husk, 15% of upper leaves, 14% of lower leaves, 11% of upper stalk, and 33% of lower stalk. A total of 53% of stover mass was located above the first ear from the bottom of the plant. Component mass fractions were similar among hybrids and sites. The three-year average of stover-to-grain ratio at grain maturity was found to be 0.85:1. Assessing stover yields from the commonly used stover-to-grain ratio of 1:1 would lead to an overestimation of the in-field biomass in Quebec. A linear regression estimated stover yield as a function of grain yield with an accuracy of ± 0.6 t DM ha -1 . The lower stalk component, below the first ear, had the highest MC at all sites and for all years. Since the lower stalk was 33% of stover dry mass, it accounted for a great portion of the weighted average of stover MC. Leaves and husk had the highest desiccation rates and therefore the lowest MC at the end of each season. Stover MC ranged from 41 to 63% at grain physiological maturity (when grain MC < 30%); average stover MC were similar to figures coming from the United States. In mid-November, stover moisture was still high with measurements between 28 and 40%. Considering the cold and wet weather conditions prevailing during this period, it is unlikely to reach MC below 15% by field wilting, so either anaerobic storage of harvested stover should be considered or delaying harvest of residual stover until spring when it is naturally very dry.
